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Abstract

This document aims to provide good practice recommendations in order to support maternal-foetal medicine specialists,
clinical geneticists and clinical laboratory geneticists in the management of pregnancies obtained after the transfer of an
embryo tested with preimplantation genetic testing (PGT). It was drafted by geneticists expert in preimplantation genetics
and prenatal genetic diagnosis belonging to the “Working Group in Cytogenomics, Prenatal and Reproductive Genetics” of
the “Italian Society of Human Genetics” (SIGU). In particular, the paper addresses the diagnostic algorithm to be applied
in prenatal follow-up depending on the type of PGT performed, the results obtained and the related diagnostic value based
on the most recent literature data and Italian and international recommendations.
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Introduction

PGT is the earliest genetic investigation performed on prod-
ucts of conception, as it allows for verification of possible
hereditary genetic diseases and chromosomal alterations in
embryos obtained from in vitro fertilisation, before their
transfer to the uterus [1].

PGT is a test that can inform couples about the health sta-
tus of their embryos before the onset of pregnancy, in order
to minimise the risks of foetal chromosomal and genetic
syndromes resulting in spontaneous/therapeutic abortion [2].

Recent progress in understanding the human genome
and in molecular diagnostic methods has led to expanded
knowledge and awareness of the mechanisms underlying an
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ever-increasing number of hereditary diseases, attributable
to genetic alterations.

Genetic/familial risk assessment is particularly important
for couples undergoing assisted reproductive technologies
(ART), in order to make informed reproductive choices.

PGT is performed as part of a II level ART protocol,
which includes oocyte retrieval and semen collection,
in vitro fertilisation and culture of the embryos, and analysis
at the blastocyst stage (5—7th day of in vitro development)
by biopsy of 5-10 cells of the trophectoderm [3], which will
give origin to the placenta and foetal annexes [4, 5].
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This technique can be considered a proxy for a very early
direct preparation of chorionic villi, specifically investigat-
ing the progenitor cells of the outer layer of the placenta,
known as cytotrophoblasts [6]. The obtained sample can be
used to investigate aneuploidies or the possible transmission
of genomic imbalances and monogenic diseases from one or
both carrier members of the couple.

It is particularly important that the PGT centres follow
the Italian and international recommendations to guarantee
the validity of the test result [7, 8].

Indications to PGT

PGT can be performed because of different indications; it
can be divided into three different types: PGT for monogenic
diseases (PGT-M), PGT for chromosomal structural rear-
rangements (PGT-SR) and PGT for aneuploidies (PGT-A)
[9].

In detail, PGT-M can be performed for autosomal domi-
nant, autosomal recessive, X-linked diseases and in the case
of HLA typing [10]. PGT-SR is indicated in cases where
one or both partners in the couple have a structural aber-
ration affecting one or more chromosomes (mainly trans-
locations, but also inversions, deletions and duplications).
Finally, PGT-A analyses the entire set of chromosomes to
investigate de novo numerical alterations of whole chromo-
somes (aneuploidies) or partial imbalances (aneusomies).
The main indications for PGT-A are advanced maternal age,
recurrent miscarriages, repeated implantation failures and
chromosomal mosaicism in one or both components of the
couple [11].

Preimplantation genetic testing
for monogenic diseases: PGT-M

PGT-M is indicated for couples carrying single gene vari-
ants leading to autosomal dominant, recessive or X-linked
diseases.

In order to assess the feasibility of PGT-M during pre-
PGT genetic counselling, it is necessary to know the molec-
ular basis of the familial disease [12]. Before the embryo
analysis, a preclinical set-up needs to be performed to verify
the feasibility of the direct testing of the specific pathogenic
variant and the informativity of polymorphic markers to be
used in the indirect analysis. Therefore, after the collection
of DNA samples from the couple and available relatives, the
customised test is developed and validated by identifying the
primers for amplification of the specific pathogenic variant
and the informative molecular markers (short tandem repeats
‘STR’ or single nucleotide polymorphisms ‘SNP’) flank-
ing the variant, to identify the segregating at-risk haplotype.
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Identifying informative markers linked to the specific vari-
ant is essential to minimise the likelihood of false negative
results due to allele dropout (ADQO), which can be a con-
founding factor when using DNA extracted from only a few
cells [13]. Indeed, an indirect analysis by examining the at-
risk haplotype, from which the possible presence/absence of
the variant itself can be inferred and ultimately confirmed, is
performed in addition to the direct investigation of the gene
variant. The haplotype analysis can be directly carried out
on the embryos at the PGT-M analysis stage in the case that
familial samples are not available.

Once the feasibility of the analysis has been ascertained,
after the preclinical set-up, the ART cycle can be started
to obtain a sufficient number of embryos for the analysis.
PGT-M is then performed on the DNA extracted from the
blastocysts, and the results are discussed with the couple to
plan the in utero transfer of the non-affected embryos.

The main analytical techniques used in PGT are next-
generation sequencing (NGS), chromosomal microarray
analysis (CMA), mainly SNP-arrays, Sanger sequencing
and quantitative PCR (qPCR). These methods provide high
qualitative and quantitative accuracy (>99%) allowing high
success in inferring embryo genotype [14].

Preimplantation genetic testing
for structural rearrangements: PGT-SR

PGT-SR is indicated in couples where one (or both) part-
ner carries a structural chromosomal abnormality. The
most common structural abnormalities are translocations,
followed by inversions, deletions and duplications. Individu-
als carrying balanced structural rearrangements are usually
healthy but have an increased risk of producing unbalanced
zygotes.

As with PGT-M, the feasibility of PGT-SR is assessed
during pre-PGT genetic counselling. This is based on a
laboratory report describing the size and breakpoints of the
rearrangement. If these data meet criteria related to the reso-
lution of the platform used for PGT-SR, the couple can start
the ART cycle. This test does not require any pre-clinical
preparation. A familial copy number variation (CNV) with
a size below the resolution limit of the platform used by
the PGT laboratory represents an indication similar to those
discussed for PGT-M. Therefore, also in such a case, a pre-
clinical set-up can be attempted for the identification of the
at-risk haplotype [15].

Since PGT-SR is generally performed by genome-wide
technologies (currently mainly NGS), besides the expected
unbalanced segregation of the family rearrangement, the
embryos are simultaneously examined for the presence
of de novo genome-wide imbalances (aneuploidies and
aneusomies). Typically, depending on the genomic region
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under investigation, the average resolution of this analysis
is 5—7 Mb [16]. In selected cases, fluorescent in situ hybridi-
sation (FISH) analysis is used to visualise only the specific
chromosomal regions involved in the rearrangement [2].

Preimplantation genetic testing
for chromosomal aneuploidies: PGT-A

PGT-A allows the identification of embryos with de novo
aneuploidies or partial imbalances with an approximate reso-
lution of 5-7 Mb, which varies depending on the analytical
method [17]. It is aimed at identifying euploid embryos,
i.e. those with the highest implantation and full-term preg-
nancy rates. The main indications for PGT-A are as follows:
advanced maternal age (> 35 years), which is associated
with an increased risk for foetal aneuploidies, repeated
implantation failures following embryo transfer, termination
of pregnancy and/or multiple spontaneous abortions (idi-
opathic or chromosomal) and chromosomal mosaicism in
one or both members of the couple [18]. Meta-analysis and
randomised studies indicate that the main advantages of this
analysis are the reduction of time needed to reach a full-term
pregnancy and the reduction of chromosomal miscarriages
or pregnancy terminations rates [19, 20]. PGT-A is also
recommended on embryos with an indication for PGT-M,
regardless of the risk associated with maternal age, in order
to evaluate their health status and maximise the probability
of obtaining a full-term pregnancy.

PGT-A is a genetic test with high specificity (i.e. low false
positive rate, < 5%) and sensitivity (i.e. low false negative
rate, < 1%). However, the finding of two or more different
chromosomal sets (putative mosaicism), which is estimated
to occur with an incidence of approximately 4-5% at the
blastocyst stage [21], can give rise to divergent analytical
data, due to possible karyotype discordance between TE and
inner cell mass (ICM), from which the foetus will originate.

Post-PGT pregnancy follow-up

In pregnancies achieved through the transfer of an embryo
subjected to preimplantation genetic testing, it is advisable
for the couple to undergo prenatal genetic counselling, dur-
ing which the possibility of conducting prenatal genetic
investigations will be offered and discussed as follows:

e To estimate the residual risk after PGT as it allows an
informed decision on whether or not to undergo invasive
prenatal diagnosis; this varies greatly depending on the
type of PGT performed, the assay technique used and the
pathology detected;

e PGT analysis of small number of cells having the same
embryological origin as the external epithelial layer
of the placenta, which is derived from the trophoec-
toderm. Amniocentesis, compared to chorionic vil-
lus sampling, allows access to embryo tissues with a
closer embryological proximity to the foetus. However,
should the couple decide to undergo invasive prena-
tal diagnosis to obtain a better definition of the foetal
genetic status and reduce the residual risk, it is appro-
priate to discuss the best option between chorionic vil-
lus sampling (CVS) and amniocentesis. In fact, there
are cases in which CVS can still be proposed, depend-
ing on the diagnostic indication and/or the PGT results
(see below);

e PGT is aimed at investigating specific genetic conditions,
therefore standard ultrasound pregnancy monitoring (e.g.
three recommended foetal ultrasounds: first trimester
with measurement of nuchal translucency; second tri-
mester for foetal morphology; third trimester for foetal
growth) and routine antenatal evaluations [22] must be
maintained as a standard of care.

In cases of a high residual risk after PGT, the clinical
geneticist may recommend additional foetal investigations
or invasive diagnostic tests on a case-by-case basis.

There is still conflicting evidence about a possible less
favourable placental outcome in pregnancies with an embryo
transferred after a second biopsy (with thawing and refreez-
ing), performed because of an initial inconclusive PGT
result. Nonetheless, collected data indicates that the neo-
natal outcome is unchanged. Therefore, in these cases, it
is currently suggested to check the placental functionality
following the standard monitoring in the third trimester of
pregnancy [23, 24].

Prenatal follow-up after PGT-M

There is not an international consensus on the management
of pregnancies achieved after PGT-M. However, in addition
to the general considerations listed above, specific guidance
can be given for selected situations.

e [f the set-up has determined that the expected sensitivity
is lower than the standard or if the final PGT-M report
shows an event that might have caused a decreased sensi-
tivity or accuracy compared with what was assumed from
the set-up stage, it is necessary to estimate the residual
risk and inform the couple about the possibility of con-
firming the PGT-M result through invasive prenatal
diagnosis. If appropriate, a targeted ultrasound follow-
up should be planned.
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In general, as described in the literature, when the PGT
significantly lowers the residual risk (< 1%), the percent-
age of couples opting for invasive prenatal diagnosis as
a diagnostic confirmation is small (around 10%). In fact,
since a pregnancy obtained through PGT is considered
particularly “valuable,” the majority of couples refuse the
invasive prenatal test because a 99% risk reduction is con-
sidered acceptable [25].

e If the couple opts for an invasive confirmatory testing,
chorionic villus sampling may be considered, as the
pathogenic variant is meiotically transmitted and thus
expected to be homogeneously present in all foetal and
extra-foetal tissues.

Finally, when PGT-M was not combined with PGT-A,
follow-up management is recommended based on the mater-
nal age-associated risks (Fig. 1).

Prenatal follow-up after PGT-SR

There is not an international consensus on the management
of pregnancies achieved by PGT-SR. However, in addition
to the general considerations listed above, specific guidance
can be given for selected situations.

e When PGT-SR is performed in a couple with a structural
abnormality involving imprinted chromosomes (6, 7, 11,
14, 15, 20), it is necessary to ensure that the technique
used in PGT has excluded an eventual uniparental disomy
(UPD). If not, it is important to discuss with the couple

PGT-M

B
Decreased sensitivity
and accuracy

Evaluate RR

Propose Prenatal
Diagnosis
(CVS/amniocentesis) =
foetal ultrasound

monitoring

Nofurther action
required

Expected sensitivity
and accuracy

PGT-A performed PGT-A not performed

J

Nofurther action
required

Age-related monitoring

Fig. 1 Prenatal follow-up after PGT-M. PGT-M, preimplantation genetic testing for monogenic diseases; RR, residual risk; CVS, chorionic vil-

lus sampling; UPD, uniparental disomy
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the residual risk of UPD for the specific chromosome
involved (usually not exceeding 1%) [26] and its potential
clinical consequences, proposing the execution of inva-
sive prenatal diagnosis through chorionic villus sampling
(CVS) or amniocentesis. Chorionic villus sampling or
amniocentesis are both acceptable, as the eventual UPD
in these cases arises as a consequence of a meiotic mech-
anism, therefore expected to be present homogeneously
in the embryo.

e [f PGT-SR was not carried out with a genome-wide assay
extended to all chromosomes and not only those involved
in familial structural rearrangements (e.g. FISH), the
monitoring of the pregnancy based on the maternal age-
associated risks is recommended [27, 28] (Fig. 2)

Fig.2 Prenatal follow-up after
PGT-SR. PGT-SR, preimplanta-
tion genetic testing for chro-
mosomal structural rearrange-
ments; RR, residual risk; CVS,
chorionic villus sampling; UPD,
uniparental disomy

Prenatal follow-up after PGT-A

Prenatal follow-up after euploid embryo transfer
at PGT-A

The main goal of PGT-A is to reveal the presence of uni-
form aneuploidies of likely meiotic origin causative of
negative pregnancy outcomes in IVF treatment cycles.
Couples should be made aware that the risk of foetal ane-
uploidy after a euploid PGT-A result is lower than the risk
of the general prenatal population [29]; therefore, a standard
pregnancy follow-up monitoring is usually recommended,
also for women of advanced reproductive age. However, it
is appropriate to discuss with the couples the residual risk
for foetal aneuploidies after a euploid PGT-A result, so
that they can evaluate the opportunity to perform an inva-
sive prenatal diagnosis. In fact, although very rare, there

PGT-SR

Comprehensive

Partial chromosomal
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chromosomes chromosomes e
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chromosomal analysis (FISH)
analysis
]

No imprinted
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{CVS /amniocentesis)

Diagnosis

@ Springer



1020

Journal of Assisted Reproduction and Genetics (2025) 42:1015-1024

might be a diagnostic discordance due to the presence of a
chromosomal mosaicism at the blastocyst stage, which is a
well-known biological phenomenon related to the analysis
of the placental precursors with an estimated frequency of
approximately 4-5% in blastocyst stage embryos [21]. In this
case, amniocentesis is recommended, because it analyses
foetal cells, thus minimising the risk of detecting de novo
aneuploidy/aneusomy confined to extraembryonic tissues.

It is not appropriate to perform a first-trimester combined
test (FCT) for trisomy 13, 18, and 21, combining serum ana-
lytes with nuchal translucency thickness, as it shows a lower
performance (sensitivity and specificity) than PGT-A [30].
Furthermore, the algorithm used for risk calculation in such
pregnancies cannot take into account that the risk related to
maternal age is reduced after PGT-A.

Likewise, NIPT test (non-invasive prenatal test) is not
indicated, as circulating cell-free foetal DNA has the same
embryological origin as the tissue investigated in PGT-A
[31].

Finally, it is important to inform the couple that there
is still a residual risk for pathogenic CNVs smaller than
5-7 Mb in size, below the resolution of PGT-A. They have
a frequency of 1/100-200 in the general obstetric popula-
tion and are responsible for a significant burden of perinatal
morbidity and mortality [32, 33].

Prenatal follow-up following the transfer
of a mosaic embryo at PGT-A

PGT-A can reveal intermediate chromosomal copy number
profiles, defined as a value between the euploidy (two cop-
ies) and aneuploidies (one for monosomy and three for tri-
somy) thresholds, a condition commonly referred to as pre-
sumed or putative chromosomal mosaicism. The diagnosis
of chromosomal mosaicism in PGT-A presents significant
analytical problems, as the test is performed on samples with
very low cell numbers and DNA input. This is associated
with a high inter- and intra-laboratory analytical variabil-
ity inherently caused by the several amplification steps that
characterise all PGT-A methodologies. As a consequence,
it is impossible to define whether a chromosomal profile
of intermediate value is due to analytical variability or to
a true biological finding. Nevertheless, there are extensive
clinical experiences that allow to conclude that embryos
with presumed PGT-A mosaicism have a probability of
full-term pregnancy and obstetric/neonatal risks compa-
rable to uniformly euploid embryos. Therefore, this find-
ing supports the practice whereby these embryos can/must
equally be considered suitable for transfer in IVF cycles,
although it should be noted that the question regarding the
risk of congenital anomalies and possible long-term effects
still remains unsolved [34-38]. Although it is technically
unfeasible to define the percentage of mosaicism within a
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sample with an undefined cell quantity, intermediate copy
number profiles can commonly be expressed as a percent-
age of deviation from the expected (two copies) using vari-
ous bioinformatic algorithms. It is a common practice for
some laboratories to also report the percentage of presumed
mosaicism in TE biopsies, either expressed as exact percent-
age values or categorised as low/high grade. To evaluate the
reproductive competence and clinical value of intermediate
copy number in TE biopsies, two types of studies have been
performed: retrospective, where mosaicism is outlined in
the reports prior to transfer, or prospective, where this is not
reported but evaluated only following the embryo transfer.
The limitation of retrospective studies consists in the fact
that embryos defined as putative mosaics are transferred as
the last option and therefore in patients with previous fail-
ures and poor prognosis. It effectively introduces a strong
selection bias which undermines the correct evaluation of
the reproductive potential of these embryos. In blinded
prospective studies, this bias is not introduced, and a more
accurate comparison of clinical outcomes is obtained [39].
In any case, all published studies have highlighted a high
reproductive potential of embryos with presumed mosaicism
which, in blind prospective studies, is even equivalent to that
of euploid embryos [37, 40, 41]. In consideration of the evi-
dence obtained to date, a recent publication by the European
Society of Human Reproduction [42] has outlined guidelines
regarding the finding of putative mosaicisms in preimplanta-
tion embryos, which are summarised here:

e The detection of presumed chromosomal mosaicism in
the few cells of the biopsy may not reflect the constitu-
tion of the entire embryo, nor can it predict its viability.

e Laboratories that perform PGT can decide whether or
not to report the finding of presumed mosaicism in the
final PGT-A report. This decision must be communicated
to the couple, during the pre-test counselling, together
with the parameters used to define an embryo suggestive
of mosaic and what threshold the laboratory has estab-
lished to define a high- or low-grade mosaic. The Euro-
pean Recommendations suggest that a threshold lower or
higher than 50% should be used to define the degree of
low- or high-grade mosaicism, respectively.

e Due to the high diagnostic inaccuracy and uncertainty
of mosaicism on samples of just a few cells, it is not
possible to attribute a diagnostic value to the finding of
embryonic mosaicism. It is suggested to use more appro-
priate terminology, such as pseudo-mosaicism, apparent
mosaicism, or presumed mosaicism.

e [t is not possible to consider an embryo with apparent
low-grade mosaicism following PGT-A as aneuploid.

e It is not recommended to perform a new IVF cycle if
the couple still has embryos with presumed low-grade
mosaicism available for transfer,
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e [t is not recommended to discard embryos with a pre-
sumed low degree of mosaicism.

e [t is not recommended to proceed with a second biopsy
of embryos with a low degree of presumed mosaicism to
confirm their chromosomal status.

¢ Given the heterogeneity in the quality metrics adopted by
various laboratories, discriminating between a presumed
low-grade mosaic and a technical artefact may not always
be possible. In these instances, the laboratory may be
led to report as “low-grade mosaic” profiles that present
suggestive deviations in correspondence of specific chro-
mosomes because they showed low-quality profiles.

For these reasons, according to the European Recom-
mendations, the transfer of a presumed low-grade mosaic
embryo is not associated with an increased risk of negative
clinical outcomes compared to pregnancies obtained from
uniformly euploid embryo transfer, and therefore, it does
not represent an indication to recommend invasive prena-
tal diagnosis. In any case, as with the transfer of euploid
embryos, all women who decide to transfer an embryo with
presumed low-grade mosaicism should be offered genetic
counselling to discuss prenatal follow-up of the pregnancy
and the possibility of performing invasive prenatal diagno-
sis, recommending amniocentesis in such cases. In the event
of a transfer of embryos with presumed high-grade mosai-
cism, it is necessary to discuss during genetic counselling
the implications of a pregnancy obtained from this type of
embryo and the prenatal follow-up, as well as recommend-
ing the performance of invasive prenatal diagnosis. In fact,
it is conceivable that the majority of these presumed high-
grade mosaic embryos do not implant or undergo sponta-
neous abortion as a consequence of aneuploidy. However,
there is still the possibility that part of them could implant
and reach a full-term pregnancy [43]. In this case, possible
unfavourable outcomes are the onset of altered imprinting
syndromes (when the aneuploidy involves imprinted chro-
mosomes), true foetal mosaicism, the birth of an individual
affected by mosaic aneuploidy (e.g. trisomy 8, trisomy 9),
or with an abnormal karyotype resulting from the partial
correction of aneuploidy [44].

In the case of invasive prenatal diagnosis in pregnan-
cies obtained from the transfer of embryos with presumed
chromosomal mosaicism, the analysis must follow the work-
up criteria established by the current version of the SIGU
“Document of Good Practice for Constitutional Cytogenetic
and Cytogenomics Diagnosis” (Table 1).

It is therefore essential that the prenatal genetic laboratory
is made aware of PGT-A results upon receipt of the sample
in order to conduct the most appropriate laboratory analysis.
If a presumed mosaic embryo with aneuploidies or segmen-
tal aneusomies involving imprinted chromosomes 6, 7, 11,
14, 15, and 20 has been transferred, it is necessary to inte-
grate the analysis of the foetal karyotype with the exclusion
of UPD. These laboratory data, conducted with systematic
work-ups for the investigation of potential mosaicism, are
necessary to fill knowledge gaps regarding the outcomes of
presumed mosaicism identified at PGT-A. Equally important
are the prospective collections of clinical outcomes up to at
least 2 years of life of the unborn child [38].

If during PGT-A a segmental aneusomy in a presumed
mosaic is reported, pre-transfer genetic counselling is rec-
ommended to describe the uncertainties of the prenatal man-
agement of a possible pregnancy obtained from the transfer
of this embryo. It is necessary to explain to the couple:

e that the resolution limit of the method used is approxi-
mately 5-7 Mb;

e that segmental aneusomies have an incidence of 5-6%
and are mostly of mitotic origin and not related to mater-
nal age [45];

e that the chances of confirmation/persistence of the seg-
mental aneusomy on foetal samples are extremely rare
[46];

e that in the case of confirmation of the imbalance, the
prediction of its pathogenicity and the consequent impact
on the foetal phenotype can be difficult, especially if the
imbalance is a duplication, for which size alone is not a
reliable prognostic factor;

e that a partial foetal imbalance, especially if mosaic, may
not give detectable ultrasound signs and alterations, even
at advanced gestational weeks.

Table 1 Recommended

workup in prenatal diagnosis of
pregnancies obtained by transfer
of a mosaic embryo (from:

“Document of Good Practice for
Constitutional Cytogenetic and
Cytogenomics Diagnosis” [47])

Method Minimal number of metaphases/clones to count Minimal number
of independent
cultures

CVS direct preparation 12 metaphases -

CVS/AF flask method 30 metaphases 2

In situ method 20 clones 3

Foetal blood culture 50 metaphases (100 if a cell with the anomaly under 2

investigation has been found)

AF amniotic fluid, CVS chorionic villus sample
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PGT-A

Euploid Embryo
Transfer

Putative MosaicEmbryo
Transfer

Standard pregnancy
monitoring

Putative Low grade
mosaicism

GeneticCounsellingfor
eventual PDN

Putative Mosaic
aneusomies

Putative High grade
mosaicism

Genetic Counselling +
Prenatal Diagnosis
recommended
(amniocentesis)%+UDP*

Geneticcounselling +
Prenatal Diagnosis with
CMArecommended

Fig. 3 Prenatal follow-up after PGT-A. PGT-A, preimplantation genetic testing for aneuploidies; PDN, prenatal diagnosis; UPD, uniparental dis-
omy; CMA, chromosomal microarray analysis. SAs recommended in Table 1. *In case of involvement of imprinted chromosomes

In case of a clinical pregnancy following transfer of
mosaic segmental aneusomy, it is recommended to carry
out an invasive prenatal diagnosis which includes CMA
[47] and adequate foetal ultrasound monitoring (Fig. 3).

Conclusions

These recommendations, produced by a national scien-
tific society, are the first official document produced by
expert geneticists in the field of prenatal diagnosis provid-
ing specific guidelines for the management of pregnan-
cies achieved by IVF-PGT techniques. We are confident
that it will be a useful tool for medical geneticists and
gynaecologists dealing with pregnant women who have
undergone PGT, with the aim of rationalising invasive pre-
natal genetic testing for medically assisted reproduction
pregnancies.
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